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Introduction
The e+e -collider, LEP is ideal for the study of the production of new particles, since the initial state consists of pointlike particles and the production mechanism is purely electroweak.
The standard model [ 1 ] has been very successful in describing all data concerning electroweak interaction; however, it leaves many fundamental questions unexplained such as the lepton-quark spectrum, mass generation, the unnaturalness of the Higgs mechanism, and the large number of arbitrary parameters. A possible solution, which explains the family problem and makes the fermion masses and weak mixing angles calculable, would be to imagine that quarks, leptons and gauge bosons are all composites with an associated energy scale A [2] . One natural consequence of composite models is the existence of excited state, ~*, of known leptons L In this paper we describe our searches of excited Supported by the German Bundesministerium ftir Forschung und Technologie.
electrons and muons produced in e+e -collisions at LEP at center of mass energies around the Z ° mass. An excited lepton is assumed to have spin ½ and to decay into an ordinary lepton and a photon with a 100% branching ratio. In e+e -colliders the excited leptons can be produced in pairs (e+e-~*~ *) or produced singly (e+e--~*). While in the first case the ~* mass is obviously limited to the beam energy, in the second case it can reach mass regions close to the center of mass energy.
We have studied the processes e+e-~e+e-yy, e+e-~e+e-y, e+e-~p.+~-y) , and e+e-~p.+ll-Y. Since the excited electron production is completely dominated by very small angle scattering due to the t-channel photon exchange, we have also studied the process e+e-~(e±)e~y, in which one of the electrons escapes detection.
Coupling and models
In this paper the Z ° and y are assumed to couple to spin ½ excited lepton pairs in the same way as to ordinary lepton pairs. The lowest order pair-production cross section can be found in ref. [ 3 ] .
For the single production the effective lagrangian [ 4 ] is generally written as
where A is the composite mass scale and Cv and Dv are the coupling constants. The precise g-2 measurements impose IlCvll = IIDvll. The coupling constants can be written as Cv= -~ (f+f') and Czo = -¼ (fcot 0w-f' tan 0w) where fand f' are respectively the free parameters for SU (2) and U ( 1 ). Here we assumef=f ' so thatf/A ( = x/2 2/m~. ) is the only free parameter in the lagrangian. The differential and total cross section formulae can be found in refs. [4, 5 ] . Both for the single and pair production the reduction factor due to the effect of initial state radiation is taken into account in our calculations.
We use the Monte Carlo generator MMSTR [ 6 ] to simulate the single ~t* production. For pair production a Monte Carlo is made according to the differential cross section of ref. [ 4 ] .
For the single production of excited electrons in the channel ee--.eey, we also use MMSTR by assuming that the mass effect is negligible, and that the t-channel contribution for the large scattering angle (greater than 42 ° in our case) is small. The contribution from the t-channel plus the interference is positive, so this procedure is safe for setting upper limits. We use the ESTAR [7] ~ Monte Carlo to study e* single production via the channel ee~ (e)e7 where one electron escapes down the beam pipe. For the e* pair production we use the same procedure as in the muon case.
Data sample
The L3 detector and its performance in the detection of muons, electrons and photons is described in *~ Program was supplied by the author. One can switch off the QED and EM contributions to have only the e* diagrams (ESTAR), or switch off the e* contributions to have only the QED and EM background (EEG).
detail elsewhere [ 8 ] . It consists of a central tracking and vertex chamber (TEC), a BGO electromagnetic calorimeter, a hadron calorimeter made of uranium, brass and proportional wire chambers and a high precision muon chamber system. Luminosity is measured by detecting small angle Bhabha events in two forward BGO calorimeters. The BGO covers the polar angle from 42.3 ° to 137.7 °, the muon chamber from 36 ° to 144 °, and the hadron calorimeter from 5.5 ° to 174.5 ° . The data used in these searches were taken with the L3 detector at LEP during an energy scan of the Z ° resonance at center of mass energies between 88.3 and 94.3 GeV. The integrated luminosity used in this analysis was about 1.0 pb-~ for e* search from the 1990 data and 1.5 pb -~ for ~t* search from the 1989 and 1990 data.
Search for excited electrons
We first look for excited electrons in the processes ee~ee~, eew, by selecting large angle e+e -events via the following criteria:
(i) There are two and only two electrons with energies between 3 GeV and 55 GeV. The electrons are identified by an electromagnetic cluster matched with a track in the TEC.
(ii) There are only 2 tracks in the TEC.
(iii) There are less than 12 electromagnetic clusters with energy greater than 50 MeV.
(iv) Total energy in the electromagnetic calorimeter is greater than 0.7x/~.
The cut (i) removes cosmic events; the cut (ii) removes ~,~ events. It also discards ee7 events with photon conversion. The photon conversion probability is 1.5% in our case. The cuts (iii) and (iv) remove hadronic and xz events. The remaining background is less than 0.3%. The trigger efficiency is greater than 99.5%. We obtain a total of 705 e+e -events which are used for normalization. The total efficiency of our selection determined using BABAMC [9 ] within the angular region of the BGO is 64.2 _+ 4.0%.
We then search for excited electrons in both pair and single production.
(I) The pair production e + e-~ e*¢*~ e + e-yy.
For this channel events are selected by applying two further cuts:
(v) The acollinearity angle between the two electrons is greater than 5 °.
(vi) There are two photons with energies greater than 1 GeV. They are isolated from the electrons by at least 5 °.
Three events pass all cuts. From visual scanning they are all confirmed to be eeyy events. The different combinations of the invariant mass of these events do not show any structure except for one event which gives twice 18.6 GeV invariant mass for one combination. With such a e* mass we expect more than 300 e'e* events. We conservatively assume that the background from Bhabha scattering is zero.
Using Monte Carlo simulation we determine a total efficiency for the pair production of 30%. After normalizing to the number of Bhabha events and correcting for the efficiency, we determine the lower mass limit for excited electrons at 95% CL to be 45.0 GeV.
(2) The single production e+ e -~ee*-~e+e-y.
For this channel events are selected using the cuts described for pair production with cut (vi) replaced by:
(vi) There is only one photon with energy greater than 1 GeV. It is isolated from the electrons by at least 5 ° ' A total of 15 events pass all of these cuts. BABAMC predicts 15.3_+ 3.2 events for the corresponding luminosity and efficiency. Fig. l a shows both ey invariant mass combinations for each of these 15 events compared with the prediction of BA-BAMC. To reconstruct the e7 invariant mass we impose momentum conservation: mew = ~/(Ev + E~2(,))2_p2~ in order to improve the mass resolution, which is typically 0.7 GeV. From the plot we conclude that all of these events are consistent with being background from Bhabha scattering.
The efficiency of the above selection for e*, determined using MMSTR, is 48.7 + 2.7%. The efficiency is almost independent of the e* mass. By comparing bin-by-bin (5 GeV/bin) the data with the background, the upper limits at 95% CL of the cross section and the coupling constant 2V/me. as a function of me. are obtained using Poisson statistics [ 10 ] . For the cross section we use the analytic expression which also includes initial state radiative corrections. For the mass above the limit of 45.0 GeV extracted from the pair production we show the results in fig. 2 together with those from other experiments at LEP [ 11 ] . The beam energy and the energy cut for electrons limits our investigation to an me. mass below 88.3 GeV. We also search for excited electrons through tchannel photon exchange by studying the following reaction:
(3) The single production e + e-~ ee*-~ (e)ey. For this channel one electron escapes down the beam pipe and the excited electron decays into an electron and a photon which are both detected by the BGO calorimeter.
The events are selected by the following criteria: (i) There are only one electron and only one photon each of which has energy between 3 and 55 GeV. To be sure that these two clusters are electromag- invariant mass for each of the four events compared with the background predicted by EEG. From the plot we conclude that all events are compatible with the expectation from Bhabha scattering. We generated Monte Carlo events using the ESTAR generator. The efficiency of the above selection for events generated with a maximum angle for the undetected electron of 7 ° and a minimum acceptable photon angle of 42 ° is 92.0 + 3.0%. The efficiency is almost independent of the e* mass. The typical mass resolution of our detector for this channel is about 0.5 GeV.
Using the ESTAR Monte Carlo and following the same procedure as for eey, we determine an upper limit at 95% CL for the coupling constant 2V/me, as a function of me, as shown in fig. 2 . Note that this channel gives a much lower limit for the coupling constant because the t-channel of 7 exchange is dominant. The beam energy and the energy cut for electrons limited our investigation to an me, mass below 86.8 GeV.
Search for excited muons
netic, we require that the ratio of the energy sum of 9 BGO crystals surrounding the most energetic crystal to that of 25 BGO crystals is greater than 0.95.
(ii) There are less than 12 electromagnetic clusters with energy greater than 50 MeV.
(iii) There is only one track in the TEC.
(iv) The energy deposited in the hadron calorimeter is less than 5 GeV. This cut ensures that there is no missing energy in the endcap region ( > 5.5 ° ).
(v) The energy deposited in the BGO is greater than 0.4x/s GeV.
(vi) The sum of energy in the BGO plus the missing energy is greater than 0.7x/~. Here the missing energy is calculated using three-body kinematics assuming one escapes down in the beam pipe, and the other two are the electron and the photon.
(vii) The acollinearity angle between the electron and the photon is greater than 10 °.
For this channel the trigger efficiency is found to be letter than 99.5%. Four events pass these cuts. The background from Bhabha scattering for the corresponding luminosity and efficiency is estimated to be 3.3+0.6 events from EEG [7] . Fig. lb shows the e7 To study the processes ee-~la~t7, p~t77, we first select 2~t events by using the following cuts:
(i) There are two and only two muons which have their momentum and angle measured in the muon chamber. The energy cut for muons is E, 0.04< ~ < 1.0.
(ii) The event is required to survive the following scintillator and vertex cuts:
(a) At least one of the muons is required to be associated with a scintillator that is time with the bunch crossing ( < 3 ns). The scintillator time difference is required to be inconsistent with a cosmic ray ( < 4 ns or > 20 ns).
(b) Both muons are required to satisfy the following vertex cut: r< 100 mm or Izl <200 mm;
where r is the transverse and z the longitudinal distance of closest approach to the vertex.
(c) In addition, one of the two cuts listed below must be satisfied:
(cl) Both muons should satisfy the following vertex cut: r<25 mm or Izl <50 ram.
(c2) Both muons should be associated with scintillator hits which are in time ( < 3 ns). The time difference should be consistent with two particles coming from the interaction point ( < 4 ns).
(iii) The energy deposited in the hadron calorimeter is less than 20 GeV.
(iv) The sum of the two muon energies is greater than 0.5x/s. The cut (ii) removes cosmic events; the cuts (iii) and (iv) remove xz and hadronic events. The remaining background, mainly from x decays, is less than 1%. The trigger efficiency is greater than 99.5%. We obtain a total of 770 dimuon events which are used for normalization. The total efficiency calculated from KORALZ [ 12] is 56.4_+ 1.2%.
We search for excited muons produced via two processes denoted ( 1 ) and (2) which are discussed below.
(1) The pair production e + e ---+ ll*fl*--+ IX + IX -77.
We applied the cuts (i) through (iii) listed above and two additional cuts:
(iv) The acollinearity angle between the two muons is greater than 5 ° (v) There are two photons with energies greater than 1 GeV. The angle between the photon and the closest muon must be larger than 5 ° Two events pass all cuts. Both of them were visually scanned. One is a genuine IXIX77 event but the other one is an eeixix event. All possible invariant mass combinations of this event do not show any structure (7, 15, 30, 52 GeV) . The background of IXIXyy predicted by the KORALZ is less than 3 at 95% CL.
The total efficiency for pair produced Ix* is found to be 33% from Monte Carlo. After normalizing to the number of dimuon events and correcting for the efficiency, we determine the lower mass limit for excited muons at 95% CL to be 45.3 GeV.
(2) The single production e + e--+ ItlX*--+ IX + Ix -7.
For this channel events are selected with the same cuts as for pair production with cut (v) replaced by:
(v) There is one photon with energy greater than 1 GeV. The angle between the photon and the closest muon must be greater than 5 °.
A total of 21 events pass all of these cuts. KORALZ 
